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Abstract We report the improvement of ultrafast laser writ-
ten optical waveguides in Yb:YAG ceramics by tailoring the
presence of heat accumulation effects. From a combination
of ytterbium micro-luminescence and micro-Raman struc-
tural analysis, maps of lattice defects and stress fields have
been obtained. We show how laser annealing can strongly
reduce the concentration of defects and also reduce com-
pressive stress, leading to an effective 50% reduction in the
propagation losses and to more extended and symmetric
propagation modes.
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1 Introduction
Ultrafast Direct Laser Writing (DLW) has already been es-
tablished itself as powerful technique for the fabrication
of integrated photonic devices in dielectric media through
the controlled modification of refractive index at the mi-
croscale. When compared to other microstructuring tech-
niques, DLW shows several advantages such as truly three-
dimensional (3D) fabrication capability, absence of restric-
tive sample preparation requirements, a mainly one-step
process, and suitability for processing large areas, short
processing times, good repeatability and low manufactur-
ing costs. DLW has been demonstrated to be a very power-
ful technique capable of producing structural changes and
modifying the refractive index in transparent media. In-
deed, DLW of waveguides (WGs), photonic crystals, micro-
resonators and micro-diffraction elements has been already
demonstrated in a great variety of dielectric materials in-
cluding glasses and crystals [1–10]. These DLW devices
have shown excellent properties, especially when referring
to waveguides. DLW allows for the fabrication of buried
channel waveguides in a wide range of optical materials
whose propagation properties can be easily tailored by an
adequate choice of the writing parameters [11–14]. Un-
der appropriate writing conditions, WGs with low losses
(<0.6 dB/cm) and preserving the original properties of the
inscribed material (electro-optical coefficients, laser gain,
nonlinear response, Raman gain) have been already reported
[15–21].
Among the different writing parameters that can be used
for the WGs optimization, the repetition rate of femtosecond
laser pulse train is one of the most critical parameters, as it
affects the excitation-relaxation cycle between subsequent
femtosecond laser pulses arrive at the focal spot volume. It
has been previously demonstrated that when high repetition
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rates are used, thermal accumulation between consecutive
pulses can greatly increase the temperature and drive fast
annealing process at the moving laser focal volume [22–
25]. It has subsequently been postulated that the presence
of local annealing effects could substantially affect the mag-
nitude, extension and nature of the microstructural changes
produced by DLW. In some materials, such as lithium nio-
bate crystals, it has been shown how the use of high repeti-
tion rates leads to a reduction in the lattice damage, where
the rapid annealing induced defect recombination was stated
to be at the basis of the achieved superior optical perfor-
mance (in terms of propagation loss) [15]. However, in such
studies not only high repetition rates were used, but also dif-
ferent pulse overlapping, heat accumulation parameters, and
laser pulse energies, therefore mixing different laser-crystal
interaction effects on the same process. Here, we present a
comprehensive study of structures inscribed using approx-
imately the same parameters, except for the time between
pulses which is varied almost three orders of magnitude
(from 1 ms to 2 µs) to study its effect on the final device.
To characterize the different channel waveguides resulting in
each case, we present a detailed micro-spectroscopy analysis
of the resultant crystal lattice changes together with compar-
ison of the resultant waveguide guiding properties.
The crossover from the non-thermal to the thermal
regime (in which the time between pulses matches the heat





where Dth is the thermal diffusivity of the irradiated mater-
ial and dlaser is the focal spot diameter. Therefore, a normal-
ized frequency parameter, fn = flaser/fcr , is used to eas-
ily determine whether the waveguide is fabricated in pres-
ence or absence of thermal accumulation between consecu-
tive pulses. It is important to note here that when the time
between pulses is much longer than the heat diffusion time
from the focal spot (∼0.1–10 µs), rapid cooling takes place
and the extension of the heat affected zone outside the focal
volume is therefore completely negligible, and that regime
can be classified as the non-thermal one, with fn ∼ 0. Once
the pulse repetition rate is increased, so that no cooling can
be effectively produced, the temperature at the focal volume
will increase instead of decrease, and cooling will only be
produced once the laser has moved to a different region of
the sample. This writing regime is therefore regarded as the
thermal one, with fn ≥ 1.
Among the different materials in which the writing of
photonic circuits is desired, YAG polycrystalline ceramics
(cYAG) are of particular relevance [26]. On one side, YAG
ceramics constitute an excellent platform for the develop-
ment of highly efficient laser circuits because their outstand-
ing properties such as good mechanical and thermal prop-
erties and the possibility of large scale and composite fab-
rication. Besides, YAG ceramics can also be easily doped
with high concentrations of rare-earth ions so that they of-
fer a solid-state laser medium capable of low lasing thresh-
old and high power laser generation. DLW has been already
demonstrated to be a powerful technique for the fabrication
of photonic crystals and waveguides in YAG ceramics, but
only in the low repetition rate regime (1 kHz) [20, 27–29].
Fundamental studies have concluded that when a low rep-
etition rate train of ultrashort pulses is tightly focused in-
side a YAG ceramic, local damage is produced at focus, and
that this damage is accompanied by a lattice compression
in its surroundings [30]. The first effect (damage) causes a
refractive index reduction whereas the second effect (com-
pression) leads to a local refractive index enhancement. The
writing parameters and geometry strongly determine the
dominant effect and, hence, the waveguiding mechanism. In
this sense, it is possible to find in the literature both “stress-
induced” and “damage-induced” YAG ceramic waveguides
with completely different properties (the former are low loss
waveguides whereas the latter shows a superior thermal sta-
bility) [31]. The “double filament” approach, which uses
both mechanisms (stress and damage) in a complementary
way, has been found to be especially suitable for the fabrica-
tion of waveguides in YAG with tailored properties. Doping
with neodymium ions provides the fabricated WGs with op-
tical gain that has been used in the past for highly efficient
laser light generation [20]. Nevertheless, all the structures
fabricated up to now have been written with low repetition
rates, and the potential benefit of using high repetition rate
laser sources as a way of improving the waveguide quality
is still unexplored. In addition, no attempt to fabricate these
WGs in YAG ceramics doped with other laser ions different
from Nd3+ has been performed, to the best of our knowl-
edge.
Ytterbium doped YAG ceramics (Yb:cYAG) have demon-
strated in the past an outstanding laser performance in both
continuous wave and pulsed regimes [32, 33]. When com-
pared to Nd3+ ions, ytterbium doping shows different ad-
vantages most of them based on their very simple energy
level diagram. This avoids excited state absorption of laser
and pump radiations and leads to low quantum defect be-
tween pump and laser photons (thus reducing thermal load-
ing during laser operation). In addition, Yb3+ ions exhibit
a strong photon-phonon coupling [34]. This weak isolation
from the environment therefore makes ytterbium ions ex-
cellent luminescence probes for the detection of microstruc-
tural changes that can be induced in the YAG ceramic net-
work. This characteristic feature can be used, for instance,
to determine how the YAG network is modified by ultrashort
pulses in the presence or absence of heat accumulation be-
tween consecutive pulses. Despite its interest from both an
Ultrafast laser writing of optical waveguides in ceramic Yb:YAG: a study of thermal and non-thermal 303
applied and fundamental point of view, and also despite the
outstanding results recently obtained from DLW fabricated
Yb:YAG crystalline waveguides [35], there are neither re-
ports on the DLW of waveguides in Yb:YAG ceramics in the
thermal and non-thermal regimes, nor any attempt to eluci-
date the nature and extension of the microstructural changes
induced in the YAG network.
In this work we report on the waveguides fabricated
by DLW in Yb:YAG ceramic in the thermal and non-
thermal regimes by using high (500 kHz) and low (1 kHz)
writing frequencies. The optical properties (propagation
modes, polarization dependences and propagation losses)
of waveguides fabricated under the same pulse energy, flu-
ence, and pulse overlapping conditions were systematically
compared. The microstructural modifications induced in the
YAG network in each case were investigated by confocal
fluorescence and Raman microscopy mapping experiments.
The differences observed in the structural properties of the
structures fabricated in presence/absence of thermal accu-
mulation effects have been discussed and related to the dif-
ferent propagation properties of the structures, leading to an




The Yb:cYAG sample used in this work was a 2×10×6 mm
sample provided by Baikowski Inc. The nominal Yb3+ con-
centration was 1 at.%, and the average grain size was deter-
mined by scanning electron microscopy (SEM) experiments
to be close to 2 µm. For the purpose of WG laser writing all
the samples’ faces were polished to optical quality. Two sets
of WGs were written 400 µm below the surface. In both sets
we used the transverse geometry in which the infrared pulses
were focused inside the sample through the 10 × 6 mm face
and the sample was translated parallel to the 10 mm dimen-
sion. WG were fabricated by the consecutive writing of two
parallel damage tracks separated by 20 µm (i.e. a “double-
line” approach). Both the 400 µm writing depth and 20 µm
separation between tracks are known to be parameters which
yield good single mode confinement around 1 µm wave-
length and therefore these are taken as standard. The sep-
aration between pulses along the scan direction was kept
constant to about 4–5 nm, yielding a constant overlapping
rate in the sample of about 99.8% (thus ensuring same to-
tal fluence dose). The laser polarization and focusing optics
were also the same. As two lasers with different repetition
rates were employed, different translation speeds had to be
used, in order to keep the pulse overlapping rate to the same
value. The two different experimental setups used are the
following:
(a) Thermal regime: A Yb doped fibre laser (Fianium Ltd.)
providing ≈300 fs pulses at λ0 = 1064 nm with a pulse
repetition rate of 500 kHz. The laser polarization was
adjusted to be perpendicular to both the incident beam
and sample translation direction. The writing beam was
focussed into the Yb:cYAG sample by using an aspheric
0.4 numerical aperture lens, giving a spot diameter of
1.22 × λ0/NA = 3.2 µm. (That calculation did not take
into account the fact that we were focusing inside a ma-
terial. Then, the “real” beam spot size was probably big-
ger than that, but it was still within the same size order
of magnitude.) Given the thermal diffusivity of Yb:YAG
(3 × 10−6 m2/s) [36], and according to expression (1),
the critical frequency (fcr) is of about 280 kHz, yield-
ing a normalized frequency fn ≈ 1.75, i.e. basically the
critical frequency for thermal accumulation. At this fre-
quency thermal annealing effects are activated while
keeping the waveguide’s morphology, that is, avoiding
the drastic morphological changes which would be ob-
served if waveguides were fabricated at the highest rep-
etition rates (i.e around the MHz range) [15]. Structures
were written by translating the sample at 2.5 mm/s. The
pulse energy was set to 600 nJ yielding a pulse fluence
of ∼7 J/cm2.
(b) Non-thermal regime: An amplified Ti:sapphire laser
system providing 120 fs pulses at λ0 = 796 nm and
1 kHz of repetition rate. For all experiments, the laser
polarization was again adjusted to be perpendicular to
both the incident beam and sample translation direction.
The laser beam was focused with a 20× microscope ob-
jective (numerical aperture, NA = 0.4), giving a spot
size of 2.5 µm. In this case the normalized frequency is
about fn ≈ 0.002, which means that thermal accumula-
tion between subsequent pulses is almost negligible. The
sample was translated at 4 µm/s so that pulse overlap-
ping was also kept constant with respect to the 500 kHz
waveguides. Two different on-target energies were used:
400 nJ and 600 nJ. The use of these two pulse energies
allows for comparative studies with the 500 kHz struc-
ture maintaining fixed the pulse energy (600 nJ), or the
pulse fluence (∼8 J/cm2), respectively.
For both regimes described, the Gaussian focal spot size was
always calculated using the NA, beam diameter and wave-
length of the lasers. Both laser set ups are being extensively
used in a variety of everyday experiments and therefore they
are very well characterized. Furthermore, any slight vari-
ation from the calculated value could never produce the
strong thermal effects that are investigated in the present
work both by micro-spectroscopy and optical propagation
experiments
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2.2 Waveguide’s propagation properties
The waveguiding properties of the resulting structures as op-
tical waveguides were firstly investigated by end-face cou-
pling experiments using a linearly polarized He–Ne laser (at
wavelength of 632.8 nm). For this purpose, laser radiation
was focused into the waveguide using a 20× microscope ob-
jective and the laser light propagating along the waveguide
was collected using another 20× microscope objective. The
obtained near-field intensity distribution of the fundamen-
tal mode was recorded with a charge coupled device (CCD)
camera. The propagation losses of the WG were determined
by using the Fabry–Pérot method at 632.8 nm [37].
2.3 Micro-Photoluminescence and Raman characterization
For µ-PL experiments studies of the waveguide’s cross-
section, an Olympus BX-41 fibre-coupled confocal micro-
scope was used. The continuous wave 920 nm radiation
from a Ti:sapphire laser was focused 5 µm deep below the
sample surface using a 50× microscope objective with nu-
merical aperture NA = 0.6. The theoretical lateral and ax-
ial resolution of the confocal system were estimated to be
close to 1 µm. In this configuration, the 920 nm laser radi-
ation locally excites the Yb3+ ions from their fundamen-
tal state 2F7/2 up to the upper level of the 2F5/2 mani-
fold [34]. The subsequent 2F5/2 →2F7/2 emissions from the
Yb3+ ions is collected using the same microscope objective
and, after passing thorough a confocal aperture, is analyzed
by a CCD detector attached to a fibre-coupled spectrome-
ter (SPEX500M). The Yb:cYAG sample was mounted on
an XY motorized stage with a spatial resolution of 100 nm.
The motorized stage and CCD were controlled with Lab-
Spec©software for automatic acquisition and analysis of the
obtained spectral data. Three-dimensional maps of the Yb3+
spectral properties (i.e., emitted intensity, emission band-
width, and energy position of the emission lines) were ob-
tained by fitting Lorentzian line-shapes to the spectra and by
plotting the values obtained for each measuring point. The
plot and graphical analysis of the obtained results was per-
formed with the WSMP©software [38].
For µ-Raman measurements a Renishaw inVia Reflex
confocal microscope was used. Raman spectra were mea-
sured using the 514 nm line of an Argon laser. Power on the
sample was of 10 mW, and a 50×, 0.75 NA objective was
used to focus 5 µm below the sample surface. Pre-calibration
of the equipment was always routinely performed on a crys-
talline Silicon reference. Phonon modes were assigned fol-
lowing prior work by Papagelis et al. [39].
3 Results and discussion
3.1 Waveguiding properties
Figure 1 (top row) shows the optical microscope cross-
section views of the modification tracks formed with 1 and
500 kHz pulse repetition rates. Clear differences in the
changes can be observed in the morphology of the struc-
tures fabricated using the 1 and 500 kHz systems. Firstly, a
weaker contrast and a smoother modification is noted for the
structure fabricated in the thermal regime (500 kHz), sug-
gesting not only a lower density of defects, but also less
intense stress profiles as a result of the thermal process.
Similar effects have been already reported in lithium nio-
bate waveguides, and have been attributed to the presence
of heat accumulation and rapid thermal annealing [15]. In
addition, previous studies on post-fabrication annealing of
these types of waveguides in Nd:cYAG samples showed that
only annealing temperatures of above 1000°C could signif-
icantly reduce both the density of defects and the induced
stress fields [30].
The bottom row in Fig. 1 shows the corresponding mode
profiles recorded at 632.8 nm for each structure. The propa-
gation modes included in Fig. 1 were obtained with the laser
polarization parallel to the damage tracks. Waveguiding was
also observed in both structures for the orthogonal polar-
ization (electric field perpendicular to the damage tracks)
but with a lower coupling efficiency and larger propagation
looses. The waveguide fabricated using 500 kHz repetition
rate displayed a smoother, more symmetric and more ex-
tended propagation mode. This is in contrast to the prop-
agation modes observed for the waveguides fabricated in
the non-thermal regime (1 kHz), which seem to be fully
confined between the damage tracks. Thus, the propaga-
tion modes unequivocally suggest that thermal accumulation
modifies the refractive index map, smoothing it and reduc-
ing the refractive index contrast.
Finally, we measured the Fabry–Pérot interference pat-
terns for each structure at 632.8 nm (not shown for the sake
of brevity). The obtained propagation losses have been in-
dicated in Fig. 1. As can be observed, the presence of heat
accumulation and rapid annealing processes have strongly
reduced the propagation losses from ∼2 dB/cm down to
1 dB/cm. Thus, it can be concluded that, at least in the case
of polycrystalline ceramics, the presence of thermal accu-
mulation process during fabrication can result in a strong
improvement of the waveguide propagation properties. It is
important to note that the fabrication parameters here re-
ported are only intended to demonstrate how the heat accu-
mulation effects associated with the laser writing technique
in crystals can be used to substantially improve the device
quality. A further development of the waveguide quality can
therefore be expected following complete optimization of
the process presented here.
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Fig. 1 (Top) Optical
microscope cross-section views
of the modification tracks
formed with 1 and 500 kHz
pulse repetition rates. (Bottom)
Corresponding mode profiles
recorded at 632.8 nm for each
structure. The propagation
losses obtained in each case are
indicated. Common scale bar is
20 µm
3.2 Fluorescence properties
The different propagation properties observed suggest that
the presence of thermal accumulation leads to different mod-
ification of the YAG ceramic network and hence, to differ-
ent refractive index maps. In order to obtain a further un-
derstanding of the microstructural modifications induced by
the DLW process, the Yb3+ based fluorescence maps of the
different structures have been measured.
Figure 2 presents a typical µ-PL emission spectrum ob-
tained using our confocal microscope. It consists of a nar-
row and intense peak (at ≈ 10300 cm−1) corresponding to
the Yb3+ zero-phonon transition and a broad laser emis-
sion band (at ≈ 9700 cm−1) attributed to radiative transi-
tions from the lowest energy sublevel of the 2F5/2 manifold
to intermediate sublevels of the 2F7/2 ground state [34]. Be-
tween these two bands a rich structure is observed. This is
conventionally related to other inter Stark transitions as well
as to phonon side-bands [34]. The bottom graph in Fig. 2
shows the detail of the µ-PL emission spectra obtained when
the 920 nm excitation spot was localized at an unmodified
volume (bulk), within the waveguide’s volume (i.e. between
damage tracks) and at one of the damage tracks. The data
correspond to the waveguide written at 1 kHz and with a
pulse energy of 600 nJ. It is clear from these detailed spec-
tra that the Yb3+ emission spectrum has been strongly mod-
ified by the DLW process. The emitted intensity at the zero-
phonon line has been reduced at damage tracks. This reduc-
tion is accompanied by an associated increase in the emitted
intensity at 10200 cm−1. We attribute this behaviour to the
presence of a high density of defects as a consequence of the
optical breakdown induced at focal volume. These defects
lead to an increment in the effective photon path due to mul-
tiple scattering. In other words, scattering induces a random
trajectory in the fluorescence photons. In the case of Yb3+
doped materials, changes in the effective photon path mod-
ify the relative intensities of the different emission lines due
to the so-called self-trapping (or self-absorption) of emis-
sion [40, 41]. For those fluorescence lines overlapping with
absorption transitions, any increment in the photon path be-
tween the excitation volume and the detection system, leads
to an intensity reduction (since self-absorption is enhanced).
This is the case for the zero phonon line. This reduction in
the fluorescence intensity of self-absorbed emission lines in
turns causes an intensification of those emission bands not
affected by self-absorption (as observed for the 10250 cm−1
emission band). According to this argument, the change
in the ratio between the emitted intensities at 10250 and
10325 cm−1 is a direct indicator of the presence of defects.
Figure 3 shows the spatial variation of the ratio between the
emitted intensities at 10250 and 10325 cm−1 in the three
waveguides under study in this work. In the three cases this
ratio is only modified at the damage tracks. This fact clearly
indicates that in each case, defects have been created only
in damage tracks, and the waveguide’s volume being al-
most free of them. The magnitude of the observed change
has been found to be strongly dependent on the repetition
rate used during waveguide writing while the pulse energy
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was not so critical. For the waveguide written with 500 kHz
pulses the induced ratio change has been found to be not
more than 200% (from an “intensity ratio” value of 0.1 at
the bulk to an “intensity ratio” value around 0.2 at dam-
age tracks), whereas for the waveguides written with 1 kHz
pulses this change has been found to be close to 800% (from
Fig. 2 (Top) Typical µ-PL emission spectrum obtained from our con-
focal microscope. (Bottom) Detail of the µ-PL emission spectra ob-
tained when the 920 nm excitation spot was localized at an unperturbed
volume (bulk), at the waveguide’s volume (i.e. between damage tracks)
and at one of the damage tracks. Data correspond to the waveguide
written at 1 kHz and with a pulse energy of 600 nJ
an “intensity ratio” value of 0.1 at the bulk to an “intensity
ratio” value slightly below 0.8 at damage tracks). Since, as
discussed before, this fluorescence ratio is indicative of the
presence of defects, the data presented in Fig. 3 unequivo-
cally indicate that the presence of heat accumulation leads
to a partial recombination of laser-induced defects. This is,
indeed, in agreement with the lower propagation losses ob-
tained for these waveguides and is also in accordance with
previous studies that reveal that when fs pulses are focused
inside crystalline materials, two different kind of defects
are created at focus; permanent defects (associated to irre-
versible optical breakdown of the crystalline network) and
thermally removable defects [42]. We postulate that the heat
accumulation has led to the partial recombination of ther-
mally removable defects in the 500 kHz written waveguides.
In the waveguides written with 1 kHz the density of defects
is larger at damage tracks, since both permanent and ther-
mally removable defects are present [42].
The lower density of defects in the 500 kHz waveguide
also explains the more symmetrical propagation mode ob-
tained for this structure (see Fig. 1). It is known that in
double-line waveguides, the mode confinement (mode size)
in the dimension perpendicular to damage tracks is deter-
mined by the refractive index barrier (reduction) caused by
the lattice damage at damage tracks [30]. Thus, in the ther-
mal waveguides, this damage is strongly reduced, lowering
the refractive index barrier and thus reducing the horizontal
confinement.
Further information about the microstructural changes in-
duced in the YAG network can be obtained from the analysis
of the spectral position of emission bands. It is known that
the spectral positions of fluorescence lines of rare-earth ions
in YAG (as in any other crystal) are strongly dependent of
the crystal field (CF) acting on them [34]. Since the CF is
determined by the inter-atomic distances between the lumi-
nescent ions and the closest neighbours, any modification
in these distances causes a variation in the CF and conse-
quently, in the spectral position of emission lines. In order
to take advantage of this fact we have measured the spatial
variation of the spectral position of the zero-phonon line in
Fig. 3 Spatial variation of the
ratio between the ytterbium
emitted intensities at 10250 and
10325 cm−1 in the three
waveguides under study in this
work. Scale bar is 20 µm
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Fig. 4 Spatial variation of the
spectral position of the
ytterbium zero-phonon line in
the three waveguides under
study. Scale bar is 20 µm
the three waveguides under study, with our results shown
in Fig. 4. It is clear that the zero-phonon line is shifted to
higher energies at damage tracks and between them and
to lower energies at their apexes. According to previous
works on Nd:YAG ceramics [30], these shifts can be at-
tributed to the appearance of a compressive stress (causing
a reduction in the inter-atomic distances) at damage tracks
and between them. This is accompanied by a tensile stress
at the apexes of damage tracks. Note that in the case of
Nd:cYAG compressive stress was traced by the red-shift of
emission bands whereas in the case of Yb:cYAG it causes
a blue-shift of the zero-phonon line [30]. This fact suggests
that the pressure induced spectral shift of Nd3+ and Yb3+
fluorescence lines is the opposite. Unfortunately, there are
not reports on the behaviour of Yb3+ ions in compressed
YAG system, so this hypothesis cannot be supported at this
stage.
The comparison between the fluorescence images of
Fig. 4 allows us to obtain a first order comparison between
the extension and magnitude of the stress maps generated
in the presence and absence of heat accumulation. The fluo-
rescence image of the 500 kHz waveguide has been found
to be of lower contrast than those corresponding to the
1 kHz waveguides. This suggests that heat accumulation has
not only produced defect recombination but also partial an-
nealing of the strain field (which indeed is expected to be
activated for temperatures above 800°C) [30]. Since, in a
first order approximation, the stress-induced refractive in-
dex change is proportional to the induced fluorescence shift,
the data of Fig. 4 imply a lower refractive index modulation
for the waveguides written in the thermal regime. This is in-
deed confirmed by the larger waveguide propagation mode
obtained for these waveguides (see Fig. 1).
As a secondary issue related with the data plotted in
Fig. 4, it is necessary to point out the comparison between
shift maps from two different waveguides (400 and 600 nJ
pulse energy) made with the same repetition rate (1 kHz).
When we were increasing the fluence, the residual stress
instead of increase suffered a slight decrease. As a matter
of fact, the relation between irradiation fluence and induced
stress not always follows a linear trend. Indeed, some pre-
vious works reported in other materials (M.S. Amer et al.
[43]), have established that a “saturation” point on the ma-
terial’s structure reaction to the pulse fluence increment. So,
for pulse fluencies above this value, the induced stress re-
duces its value with the increasing pulse fluence. In addi-
tion, such type of trend, which includes a saturation point,
seems to be more probable when writing laser beams lin-
early polarized are used (as in our case) [43]. The relation-
ship and quantitative trend between pulse energy deposited
(irradiation fluence) on material’s lattice, and the induced
stress on that lattice does not seem to be trivial, and it de-
serves a more specific investigation to be done in the fu-
ture.
3.3 Raman measurements
To obtain a deeper understanding of the induced microstruc-
tural changes and also to corroborate previous assumptions
that ytterbium blue-shift is related to an effective local com-
pression, µ-Raman spectroscopy of the three waveguide has
been analyzed. Figure 5(top) shows the Raman spectra as
obtained from the damage tracks, the apexes, the waveguide,
and the bulk non irradiated volume. It is clear that both the
intensity and position of Raman modes depends on the ex-
cited volume. Indeed, the Raman modes shift to higher vi-
bration energies at both the damage tracks and within the
waveguide volume, whereas they shift to lower vibration
energies at apexes. This fact is most clearly appreciated in
the Raman images shown at the bottom of Fig. 5, in which
we have displayed the 2D map of the induced shift in the
A1g Raman mode at 371 cm−1. It is important to note that
the same behaviour was obtained for all the Raman modes,
which are not shown here for the sake of brevity. Based on
the work of J. Arvanitidis et al. [44], who measured the
pressure dependence of all phonon modes, we have con-
cluded that a permanent compressive stress has been created
at damage tracks and between them, these being compen-
sated by the appearance of a tensile stress at the apexes (as
assumed in Sect. 3.2). The stress maps that can be inferred
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Fig. 5 (Top) Raman spectra as
obtained from the damage
tracks, the apexes, the
waveguide, and the bulk.
(Bottom) Raman images
showing the 2D map of the
induced shift in the A1g Raman
mode at 371 cm−1. Scale bar is
20 µm
from the Raman images are in accordance with those previ-
ously obtained for DLW waveguides in Nd:cYAG [30].
The previous work of J. Arvanitidis et al. reported the ex-
perimental Grüneisen parameters of all the observed phonon
modes [44]. These data allow us to estimate the magnitude
of the stress fields associated with each Raman mode, which
yield very similar values, as expected for almost hydrosta-
tic conditions. Therefore, average values for the stress fields
were obtained by using the different Grüneisen parameters
of each phonon mode. The maximum residual compressive
stress has been found at the damage tracks, being about ∼0.3
and 0.5 GPa for the waveguides written in the thermal and
non-thermal regime, respectively. Thus, we have confirmed
that rapid annealing (present in 500 kHz waveguides) has
partially removed the residual stress created by DLW. This
is consistent with the low contrast obtained in the fluores-
cence images of these waveguides (see Fig. 4). Finally, the
maximum residual stress for 1 kHz waveguides is compa-
rable to that obtained in Nd:cYAG waveguides written with
similar pulse energies [30].
4 Conclusions
In summary, optical waveguides in Yb:YAG ceramics have
been fabricated by DLW. The effect that rapid annealing has
on the propagation features and structural properties of the
obtained waveguides has been investigated by using laser
repetition rates well above and well below the critical fre-
quency. It has been found that those waveguides written in
the thermal regime, i.e. in presence of rapid annealing shows
better propagation properties (more symmetrical mode and
lower propagation losses) than those written in the non-
thermal regime. These improved properties have been suc-
cessfully explained in terms of a partial recombination of de-
fects, which has been monitored through the analysis of the
specific features of ytterbium emissions (ratio between self-
absorbed and non self-absorbed ytterbium bands). In addi-
tion, Raman and fluorescence images both concluded that
heat accumulation also lead to a reduction in the residual
stress generated in the irradiated areas.
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The remarkable laser properties of ytterbium ions in YAG
ceramics together with the improved propagation proper-
ties of the waveguides written in the presence of heat accu-
mulation effects, make the structures reported in this work
promising candidates for efficient integrated laser sources.
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